Summary. During the last years, a great amount of evidence demonstrates the existence of bidirectional communication between astrocytes and neurons, which has revealed an important active role of astrocytes in the physiology of the nervous system. As a consequence of this evidence, a new concept of the synaptic physiology -''the tripartite synapse''-has been proposed, in which the synapse is formed by three functional elements, i.e., the pre-and postsynaptic elements and the surrounding astrocytes. In this scenario astrocytes play an active role as dynamic regulatory elements in neurotransmission by reciprocally exchanging information with the pre-and postsynaptic elements. The control of the Ca 2þ excitability in astrocytes is a key element in this loop of information exchange. In the present article we review and discuss our current knowledge of the properties of the astrocyte intracellular Ca 2þ signal and its modulation by the synaptic activity.
Introduction
Astrocytes, a glial cell type of the central nervous system (CNS), are intimately associated with synapses but have been traditionally viewed as passive elements in synaptic function. However, during the last decade accumulating evidence provided by many laboratories has demonstrated the existence of dynamic bidirectional communication between glial cells and neurons, suggesting that astrocytes play an active role in the physiology of the CNS (for reviews see Araque et al., 2001; Carmignoto, 2000; Castonguay et al., 2001; Haydon, 2001) .
Astrocytes are electrically unexcitables but display a form of excitability based on intracellular Ca 2þ variations, which can be triggered and modulated by neurotransmitters. Indeed, astrocytes express both in vitro and in situ a wide variety of functional receptors for many neurotransmitters (including glutamate, adenosine, norepinephrine, GABA, histamine, ATP, acetylcholine, etc.) (e.g., Kettenmann and Ransom, 1995; Porter and McCarthy, 1997; Verkhratsky et al., 1998) . Some of these receptors are ionotropic and upon activation selectively increase the membrane conductance to different ions. In addition, most of the receptors expressed by astrocytes are metabotropic receptors associated with G proteins that upon activation stimulate the formation of inositol triphosphate (IP 3 ), which leads to the increase of intracellular Ca 2þ concentration through the Ca 2þ release from IP 3 -sensitive Ca 2þ internal stores Bezzi et al., 1998; Kang et al., 1998; Kulik et al., 1999; Pasti et al., 1997; McCarthy, 1996, 1997; Robitaille, 1998; McCarthy, 1999, 2000; Verkhratsky et al., 1998) . While these receptors can be experimentally activated by exogenous application of different agonists, it is extremely relevant the demonstration that they also can be activated by neurotransmitters released from presynaptic terminals, and that this synaptically released neurotransmitter activation evokes intracellular Ca 2þ elevations in astrocytes. The activated glia, in turn, may release different transmitters, such as glutamate, D-serine, TNFa, or ATP (Araque et al., 1998a (Araque et al., , b, 2000 Araque and Perea, 2004; Arcuino et al., 2002; Beattie et al., 2002; Coco et al., 2003; Haydon and Araque, 2002; Newman, 2003a; Wolosker et al., 1999; Zhang et al., 2003) . These transmitters -termed gliotransmitters when released by glial cells (Volterra and Bezzi, 2002 ) -can serve as glial signals that feed back to neuronal synaptic elements, regulating the postsynaptic neuronal excitability and modulating neurotransmitter release from presynaptic terminals (for reviews see, e.g., Araque and Perea, 2004; Auld and Robitaille, 2003; Newman, 2003b; Robitaille, 2002) .
In summary, recent evidence has demonstrated the existence of bidirectional communication between neurons and the surrounding glial cells (Araque et al., 2001; Carmignoto, 2000; Haydon, 2001) . As a consequence of this form of communication, a new concept of the synaptic physiology -the tripartite synapse -has been proposed, in which glial cells play an active role as dynamic regulatory elements in neurotransmission by reciprocally exchanging information with the pre and postsynaptic elements (Araque et al., 1999) . The control of the Ca 2þ excitability in astrocytes is a key element in this loop of information exchange. In the present article we review and discuss our current knowledge of the properties of the astrocyte intracellular Ca 2þ signal and its modulation by the synaptic activity.
It is noteworthy that the glia-neuron communication is not an exclusive property of astrocytes in the CNS, but it also exists between M€ u uller cells, the principal glial cells in the retina, and ganglion neurons in the retina (Newmann and Zahs, 1998) , and perisynaptic Schwann cells and motor nerve terminals in the peripheral nervous system (Rochon et al., 2001) .
Astrocytes are excitable cells
In contrast to neurons, astrocytes do not display prominent electrical excitability; rather, they show very stable resting membrane potentials, and, in spite of the expression of some voltage-gated conductances (Barres, 1991; Sontheimer, 1994) (Cornell-Bell et al., 1990; Charles et al., 1991) . The astrocyte Ca 2þ variations act as intra and intercellular signals that can propagate within and between astrocytes, signaling to different regions of the cell and to different cells. This cellular excitability may be present spontaneously, or can be evoked and modulated by the synaptic activity (Aguado et al., 2002; Bezzi et al., 1998; Dani et al., 1992; Kang et al., 1998; Kulik et al., 1999; Matyash et al., 2001; Nett et al., 2002; Parri et al., 2001; Pasti et al., 1997; Porter and McCarthy, 1996) .
Spontaneous intracellular Ca 21 oscillations
Studies using brain slices have demonstrated that astrocytes from the ventrobasal (VB) thalamus (Parri et al., 2001 ) and the hippocampus (Nett et al., 2002) may display spontaneous Ca 2þ oscillations, which are independent of neuronal activity. It has been demonstrated that the Ca 2þ release of intracellular Ca 2þ stores is the underlying cellular mechanism responsible for these spontaneous Ca 2þ elevations, because the application of pharmacological agents that deplete intracellular Ca 2þ stores abolished the astrocyte Ca 2þ oscillations. These Ca 2þ oscillations are correlated with NMDA receptor-mediated neuronal currents recorded in adjacent neurons in VB thalamus, indicating that the astrocyte activity can modulate the electrical neuronal activity (Parri and Crunelli, 2002) . Although, the functional relevance of the spontaneous Ca 2þ oscillations is an stimulating open question, there are evidences in the VB thalamus that suggest that these oscillations may be involved in the development, and that they could serve as an autonomous source for generation and modulation of neuronal activity (Parri et al., 2001 ).
Intracellular Ca 21 waves in astrocytes
Ultrastructural studies and three-dimensional reconstruction of Bergmann glial cell processes indicate the existence of morphological subcellular compartments called microdomains that have a complex surface consisting of thin membrane sheets that wrap synapses between parallel fiber axon terminals and Purkinje neuron spines (Grosche et al., 1999) . Investigation of the Ca 2þ responsiveness to synaptic activity has demonstrated that these morphological microdomains have a functional correlation with the intracellular Ca 2þ microdomains. Indeed, Grosche et al. (1999) have shown that only small areas of the Bergmann glial cells exhibit Ca 2þ elevations in response to stimulation of parallel fibers, and that these small compartments within the cell processes are similar in size to the structurally observed microdomains (Grosche et al., 1999) .
Likewise, synaptically-evoked astrocyte Ca 2þ signal can also be spatially restricted to discrete sites in hippocampal astrocytes. A detailed analysis of the Ca 2þ signal evoked in hippocampal stratum radiatum astrocytes in response to Schaffer collateral stimulation has revealed that multiple and spatially distinct astrocyte processes show Ca 2þ elevations, suggesting that the synapticallyevoked Ca 2þ signaling can be independently compartmentalized in different astrocyte processes (Carmignoto, 2000; Pasti et al., 1997) . Furthermore, we have also demonstrated in hippocampal slices that synaptically-induced cholinergicmediated Ca 2þ elevations in stratum oriens astrocytes are spatially defined. While some astrocyte processes increase their intracellular Ca 2þ levels, other regions fail to respond to axonal stimulation, indicating that sub-cellular regions of astrocytes may respond differentially to the synaptic cholinergic activity .
Moreover, we have found in hippocampal slices that stimulation of the alveus, which contains cholinergic and glutamatergic axons, evokes Ca 2þ elevations in stratum oriens astrocytes that are selectively mediated by cholinergic but not glutamatergic receptors . Contrastingly, stimulation of Schaffer collateral afferents, which are the main glutamatergic input to the CA1 hippocampal region, evokes intracellular Ca 2þ elevations that are mediated by activation of astrocyte glutamate receptors (Perea and Araque, unpublished results) . Taken together, these results suggest the existence of functional astrocyte sub-cellular domains that may respond independently to different synaptically-released neurotransmitters, and that astrocytes may discriminate between the activity of different synaptic terminals belonging to different axon pathways (Perea and Araque, 2002) .
The existence of localized sites of Ca 2þ elevations is not an exclusive property of the astrocyte responsiveness to the synaptic activity. Astrocyte spontaneous Ca 2þ oscillations, which may be independent of neuronal activity, also arise within discrete regions of astrocyte processes, and can eventually propagate along cell processes (Nett et al., 2002; Parri et al., 2001) . Therefore, the astrocyte Ca 2þ signal can be spatially localized and compartmentalized in restricted regions of the cell -the subcellular microdomains-, that constitute the elementary units of the Ca 2þ elevations, from where the Ca 2þ signal can eventually propagate to other regions of the cell Carmignoto, 2000; Pasti et al., 1997) .
Taken together, these results suggest that Bergmann glial cells and astrocytes are constituted by hundred of independent microdomains, which could interact with the particular synapses that they ensheath. The cellular mechanisms that determine whether the astrocyte Ca 2þ signal remains locally restricted to a single microdomain or whether it extends throughout the process or to adjacent processes may be of great functional significance because they would control the extent of the astrocyte-neuron interaction.
Intercellular Ca 21 waves in astrocytes
Pioneering studies in cell culture demonstrated that Ca 2þ elevations in astrocytes can propagate nondecrementally to neighboring astrocytes, forming a Ca 2þ wave that can extend for several hundreds micrometers (Cornell-Bell et al., 1990; Charles et al., 1991; Innocenti et al., 2000; Newman and Zahs, 1997) . Two different mechanism responsible for the propagation of intercellular Ca 2þ waves have been proposed: 1) diffusion of inositol triphosphate (IP3) across gap junctions (Giaume and McCarthy, 1996; Venance et al., 1997) , and 2) release of ATP, which, activating purinergic receptors in adjacent astrocytes, would act as extracellular signal (Cotrina et al., 2000; Guthrie et al., 1999) . The first mechanism is supported by several studies demonstrating that gap junction blockers abolish intercellular Ca 2þ waves (Giaume and McCarthy, 1996; Venance et al., 1997) . Furthermore, glial cell lines, that do not form gap junctions and do not display Ca 2þ waves, may exhibit Ca 2þ waves after the ectopic expression of the gap junction proteins, connexins (Charles et al., 1992) .
On the other hand, several findings indicate that astrocyte Ca 2þ waves are mediated by extracellular ATP (Cotrina et al., 2000; Guthrie et al., 1999) . Indeed, Ca 2þ waves can propagate between physically isolated astrocytes (Hassinger et al., 1995) , and application of purinergic receptor antagonists or apyrase (an ATPase) reduce Ca 2þ wave propagation (Cotrina et al., 2000; Guthrie et al., 1999) . Both mechanisms of Ca 2þ wave propagation, i.e. gap junctions or extracellular ATP, are not necessarily exclusive and could be present in different brain areas or under different conditions. Furthermore, the apparent discrepancy of results supporting either mechanism may be reconciled by the recent finding showing that ATP release and the extension of the Ca 2þ wave is enhanced by the ectopic expression of connexins (Cotrina et al., 2000) .
Although Ca 2þ waves have been clearly demonstrated and thoroughly characterized in cell culture preparations (e.g., Araque et al., 1998a, b; Cornell-Bell et al., 1990; Charles et al., 1991; Charles and Giaume, 2002) in the vertebrate retina (Newman and Zahs, 1997) and in organotypic brain slices (Dani et al., 1992; Harris-White et al., 1998) , their existence in more intact preparations, such as acute brain slices, has been scarcely studied and is still controversial.
Intercellular Ca 2þ waves have been observed in corpus callosum glial cells after direct electrical stimulation of astrocytes or local application of ATP (Schipke et al., 2002) . More recently, Peters et al. (2003) have reported the presence in rat cortical slices of astrocyte Ca 2þ waves associated with the cortical spreading depression, a pathological phenomenon characterized by a slowly propagating wave of neuronal depolarization in the mammalian brain. Furthermore, Aguado et al. (2002) have demonstrated the existence of temporal correlation between the oscillatory spontaneous Ca 2þ elevations in brain slices. However, this temporal correlation may not be necessarily due to the existence of Ca 2þ waves, but to the synchronization induced by the neuronal activity. The latter interpretation is favored by studies that reported the absence of Ca 2þ waves between adjacent astrocytes in hippocampal (Nett et al., 2002; Tashiro et al., 2002) and neocortical slices (Parri et al., 2001) , where spontaneous Ca 2þ oscillations seems to be independent of the neuronal activity, suggesting that at least this oscillatory activity does not propagate between neocortical astrocytes.
More recently, Sul et al. (2004) have demonstrated in hippocampal slices that Ca 2þ elevations in single astrocytes evoked by local photo-release of glutamate may spread to neighboring cells. Pharmacological experiments suggest that this astrocyte communication is mediated by astrocyte release of ATP, which acts extracellularly as intercellular messenger. Interestingly, not all adjacent astrocytes to a stimulated cell displayed Ca 2þ elevations. However, unresponsive cells to the previous simulated astrocyte could display delayed Ca 2þ elevations after the stimulation of a different cell, which suggests the existence Synaptic regulation of the astrocyte calcium signalof functional circuits between different astrocytes in the hippocampus (Sul et al., 2004) .
Whether astrocyte Ca 2þ waves in situ can be triggered and modulated by synaptic activity is not fully determined. However, Haydon's group have shown that simultaneous exogenous application of different transmitters can regulate the number of astrocytes involved in the astrocyte Ca 2þ waves, indicating that neurotransmitters may modulate the functional communication between astrocytes (Sul et al., 2004) .
Conclusions and perspectives
The intracellular Ca 2þ increase in astrocytes represents a signal that can be restricted to discrete regions of the astrocyte processes, so-called microdomains, or eventually extend to other regions of the cell (Pasti et al., 1997; Grosche et al., 1999) . These functional sub-cellular domains may respond independently to different synaptically released neurotransmitters Perea and Araque, 2002) . Furthermore, it is well documented the capacity of astrocytes to release different gliotransmitters, such as glutamate, Dserine, and ATP, which can modulate synaptic transmission (Araque et al., 1998a (Araque et al., , b, 2000 Araque and Perea, 2004; Arcuino et al., 2002; Beattie et al., 2002; Coco et al., 2003; Haydon and Araque, 2002; Newman, 2003a; Wolosker et al., 1999; Zhang et al., 2003) .
Therefore, the spatial characteristics of the astrocyte Ca 2þ signal may affect the extent of the synaptic modulation induced by a single astrocyte. Considering that a single astrocyte can cover 140.000 synapses (Bushong et al., 2002) , such a large number of synapses can be therefore differentially influenced by a single astrocyte. Further complexity would arise if different microdomains in a single cell could release different gliotransmitters. Although it has been recently demonstrated that exogenously applied neurotransmitters can modulate intercellular Ca 2þ wave propagation (Sul et al., 2004) , a further definition of the mechanisms and functional properties of the astrocyte Ca 2þ wave dependence on synaptic activity must be addressed. The Ca 2þ wave might represent a mechanism by which glia would modulate synaptic transmission over longdistances. Furthermore, the astrocyte Ca 2þ signal has been recently reported to play a role in the regulation of blood flow in the brain (Zonta et al., 2003) .
When considering the possibilities provided by the intricate spatial relationships between astrocytes and synapses, the ''tripartite synapse'', the spatial characteristics of the astrocyte Ca 2þ signal, the number of gliotransmitters, and their multiple possible effects on different synapses, one can only envision the great complex modulatory effects that glial cells may have on neurotransmission in the brain, and the possible vast amount of degrees of freedom conferred by glial cells to the information transfer and processing by the nervous system.
